Abstrract Osmotic minipumps were implanted chronically for continuous I1l-d infusion of hypertonic sodium chloride (NaCi) into the third cerebral ventricle (ICV) of awake rats to determine whether baroreflex sensitivity would be altered. Systolic and mean pressures, recorded from aortic catheters on day 11 while the rats were anesthetized with a-chloralose, were significantly higher in rats infused with artificial cerebrospinal fluid (CSF) containing hypertonic NaCl than in controls similarly infused with artificial CSF alone. Reflex changes in heart rate produced by subsequent intravenous infusions of either phenylephrine or sodium nitroprusside were inhibited, but reflex changes in renal nerve activity were unaltered. Magnitude of reflex bradycardia during pressor responses to phenylephrine, as well as of reflex tachycardia during depressor responses to sodium nitroprusside, was consistently smaller in NaCl-infused than in control rats. By contrast, group differences in attendant renal nerve firing were not significant. After sinoaortic denervation, drug-induced blood pressure effects persisted, but reflex responses in heart rate and renal nerve firing were abolished or markedly diminished. Peripheral effects produced by hypertonic NaCl leakage from the infusion site were considered unlikely because after 11 d of ICV infusion, sodium concentration, though appreciably elevated in CSF samples collected from the cisterna 
Introduction
Ever since McCubbin et al. (1) first showed that carotid sinus baroreceptor sensitivity is reduced in renal hypertensive dogs, impaired baroreflex buffering has often been implicated as a permissive mechanism that allows blood pressure to remain elevated not only in experimental (2-4) but also in clinical (5-7) hypertension. Baroreflex dysfunction has usually been attributed to either receptor degeneration or decreased arterial wall compliance, which presumably 'reset' the baroreceptors to operate at higher pressures. Recent evidence suggests, however, that the site of dysfunction may be central rather than peripheral. Thus, clonidine, an antihypertensive drug that lowers blood pressure by reducing sympathetic vasomotor tone through stimulation of medullary a2-adrenergic receptors, has been shown to increase baroreflex sensitivity in renal hypertensive rabbits (8) . Conversely, depressor and sympatho-inhibitory responses produced by activating baroreceptor afferents (i.e., through electrical stimulation of the aortic depressor nerves) are smaller in spontaneously hypertensive than in KyotoWistar normotensive rats (9) .
Central mechanisms that could elevate blood pressure by increasing sympathetic vasomotor tone can likewise be stimulated by increased dietary salt intake. Excessive salt ingestion increases blood pressure and sympathetic nerve activity in Sprague-Dawley rats, and both effects can be prevented by destroying the ventromedial hypothalamus (10) . And when hypertension is induced by DOCA-salt pretreatment, norepinephrine turnover decreases in the hypothalamus and brain stem (11, 12) . Furthermore, in Dahl salt-sensitive rats, increased dietary salt intake enhances pressor responses to hypothalamic stimulation (13) or to centrally-injected hypertonic saline (14) , and the ensuing blood pressure elevation is greatly attenuated after chemical destruction of noradrenergic brain neurons with 6-hydroxydopamine (15) or electrolytic lesions of the anteroventral-third ventricle region (16) . But even though these studies all suggest some central dysfunction, peripheral mechanisms cannot be completely ignored since manipulation of dietary salt ultimately affects tissues other than those in the brain.
When hypertonic NaCl was chronically infused into the third cerebral ventricle (ICV)' to restrict salt-loading to the brain, blood pressure became elevated while depressor and sympatho-inhibitory responses to anterior hypothalamic stimulation were reduced (17) . Because the anterior hypothalamus regulates baroreceptor reflexes (18, 19) , it seemed logical to expect that chronic ICV infusions of hypertonic NaCl would also alter baroreflex responses to changes in blood pressure. Accordingly, we compared reflex heart rate and renal nerve responses to phenylephrine and sodium nitroprusside in rats that had been chronically infused ICV with either hypertonic NaCl or artificial cerebrospinal fluid (CSF) alone. Upon finding that reflex chronotropic responses were attenuated by hypertonic NaCl, additional experiments were done to determine whether baroreflex dysfunction leads to or results from the attendant hypertension. Cardiovascular and sympathetic responses to phenylephrine or sodium nitroprusside in anesthetized rats. 1 I d after minipump implantation, each rat was reanesthetized with methoxyflurane (Metofane by inhalation) to allow insertion of three catheters as follows: into the lower abdominal aorta for recording blood pressure, into a femoral vein for inducing further anesthesia through injection of a-chloralose (7 mg/100 g i.v.), and into a jugular vein for drug infusions. Phasic aortic pressure, heart rate, and sympathetic nerve activity were recorded continuously during slow intravenous infusions first of phenylephrine and then of sodium nitroprusside. Doses (ng/100 g per min) ranging from 208 to 1,248 for phenylephrine, and from 208 to 1,040 for sodium nitroprusside were tested in preliminary experiments, and then infusion rates were selected that would either increase or lower mean blood pressure by -35 mmHg within 60 s. Final doses selected were 832 ng/100 g per min for phenylephrine and 624 ng/100 g per min for sodium nitroprusside. For each infusion a total volume of 20.8 u1 was delivered in 1 min by using a syringe pump. A recovery period of 20-30 min was always allowed between successive infusions. After nitroprusside infusion, bilateral sinoaortic denervation was performed as described by Krieger (22) . Baroreceptor fibers from the aortic arch were eliminated by resecting the superior laryngeal nerves and sympathetic trunks together with the corresponding neurovascular sheaths. To denervate the carotid sinus, the bifurcation and adjacent carotid branches were stripped of connective tissues and painted with 10% phenol. Both drug infusions were then repeated.
Methods
Pulsatile arterial pressure was recorded by connecting the aortic catheter through Tygon tubing to a low-volume-displacement pressure transducer (P23Gb, Statham Instruments, Inc., Oxnard, CA). Heart rates were monitored simultaneously by triggering a biotachometer with the phasic signal from the transducer. To analyze reflex changes in heart rate during drug infusions, pulse interval in milliseconds was determined by averaging five successive pulses (i.e., using the phasic pressure signal recorded at a speed of 2.5 cm/s, the distance required for five successive pulses was measured and then divided by five).
Renal The cisterna magna was exposed through a dorsal midline incision by deflecting the muscle layer over the occiput. A 24-gauge needle connected to PE-S0 polyethylene tubing was then inserted between the occiput and dorsal spine of the atlas, and 30-100 Al samples of clear CSF were collected in nine rats. Serum samples were from 0.5-ml aliquots of arterial blood obtained from the aortic catheter. Sodium and potassium concentrations were determined in all CSF and serum samples by using a flame photometer (Beckman Instruments Inc., Fullerton, CA).
Repeated recording ofcardiovascular responses to phenylephrine in awake rats. At the same time that osmotic minipumps were implanted in 17 rats (eight infused with artificial CSF, and nine infused with 0.8 M NaCl), indwelling catheters were also inserted into a femoral vein and the lower abdominal aorta, and after closing all skin incisions with 9-mm stainless steel clips (Clay Adams, Div. of Becton-Dickinson & Co., Parsippany, NJ), the outer ends of both catheters were exteriorized at the nape of the neck. Chronic ICV infusions were then started, and on days 2 and 9 each awake rat was placed in a round open-topped cage and phasic aortic pressure was recorded continuously while graded doses of phenylephrine, 50-600 ng/100 g, were injected intravenously to induce varying degrees of reflex bradycardia. Data obtained for phenylephrine-induced changes in mean aortic pressure and pulse interval were used to calculate slopes for assessing baroreflex sensitivity.
Drugs and statistics. Drugs used were phenylephrine hydrochloride and sodium nitroprusside, with doses expressed in terms of the respective salts/100 g body weight. Data expressed as averages±SEM were analyzed using a two-way analysis of variance (24), and for F-ratios, with P . 0.05, Duncan's multiple range test (25) was applied to determine significance of differences between pairs of means. An analysis of covariance using program BMDP2V (26) was performed to examine reflex responses to infused drugs such that with mean aortic pressure as the covariant variable, means for changes in pulse interval or renal nerve firing were adjusted, and these were then compared using Duncan's multiple range test. As indices of reflex sensitivity, coefficients for linear regression were calculated for each rat by the method of least squares, and resulting slopes for the two rat groups were compared using the nonparametric Mann-Whitney U-test for independent samples (24) . Regression coefficients obtained from each rat group before and after sinoaortic denervation were compared using the Wilcoxon test for dependent samples (24) .
Results
Reflex heart rate and renal nerve responses to intravenouslyinfused drugs in anesthetized rats. As shown previously (17) , continuous ICV infusion of 0.8 M NaCl in artificial CSF elevated blood pressure without affecting heart rate. When the rats were anesthetized with a-chloralose on day 11, systolic and mean pressures recorded from indwelling aortic catheters were consistently higher in NaCl-infused than in control rats. Systolic pressures (mmHg±SEM) averaged 120±3 in the controls and 132±3 in NaCl-infused rats; corresponding values for mean pressure were 106±2 and 116±3, respectively (P < 0.05 for both comparisons). On the other hand, differences in either heart rate beats per minute (324±12 vs. 345±1 1) or diastolic pressure (92±3 vs. 100±3) were not significant.
Progressive elevation of aortic blood pressure produced by intravenous infusion of phenylephrine was consistently accom- panied by reflex bradycardia and diminished renal nerve firing (Fig. 1 ). Blood pressure increases during the 1-min infusion period in both rat groups ranged from 3 to 30 mmHg, and within this range, magnitude of reflex decreases in heart rate and renal nerve firing were directly proportional to the size of the pressor response. Because initial base lines varied widely from rat to rat, data for renal nerve firing were expressed not only as absolute units but also as percent changes (Fig. 2) . Magnitude of systemic pressor responses as well as of attendant decreases in frequency of sympathetic nerve firing, whether expressed as absolute or percent changes, was almost equal in both rat groups. Yet reflex bradycardia was more pronounced (i.e., pulse intervals were longer) in control rats than in those that had been infused ICV with 0.8 M NaCl; during the last 50 s of phenylephrine infusion, pulse intervals were significantly longer in control than in NaCl-infused rats (Fig. 3) . Opposite reflex responses of tachycardia and accelerated renal nerve firing also occurred consistently in the same rats when aortic blood pressure was lowered by subsequent intravenous infusion of sodium nitroprusside (Fig. 4) . Magnitude of both reflex responses was generally proportional to that of the fall in blood pressure, but while increases in renal nerve firing were almost the same in both rat groups (Fig. 2) , NaCl-infused rats had significantly larger depressor responses and smaller decreases in pulse interval (Fig. 3) than the controls.
When regression coefficients were calculated for each rat, whereas the slopes for reflex changes in heart interval were significantly lower for either phenylephrine or sodium nitroprusside in NaCl-infused than in control rats, none of the corresponding differences between slopes for reflex changes in renal nerve firing was significant (Table I) previously indicated by examining either the raw data or the adjusted means obtained with the analysis of covariance, the regression coefficients for both phenylephrine and sodium nitroprusside clearly showed that in NaCl-infused rats, reflex changes in heart rate were attenuated while attendant changes in renal nerve firing were unaffected. Abolition of reflex chronotropic responses after sino-aortic denervation. When drug infusions were repeated after sinoaortic denervation, in all rats magnitude of both pressor responses to phenylephrine and depressor responses to nitroprusside was slightly enhanced, but reflex changes in both pulse interval and renal nerve firing were markedly reduced (Table II) . These results indicate that all heart rate and renal nerve responses to both drugs (i.e., comparing regression coefficients for intact rats against those after sinoaortic denervation in Table I) were induced reflexly since they were either abolished or markedly reduced after sinoaortic denervation.
Elevated CSF sodium concentration in NaCl-infused rats.
Sodium concentration on day 11 of ICV infusion was almost the same in serum samples from both rat groups, but that in CSF was significantly higher in NaCl-infused than in control rats (Table III) (Table V) . When the same rats were tested again on day 9, all aortic pressures were higher in NaCl-infused rats (Table  IV) , and despite equal pressor responses, inhibition of reflex bradycardia was more pronounced since even responses to 100 and 200 ng/100 g doses of phenylephrine were significantly reduced (Table V) . Hence, by showing that diminution of reflex bradycardia had already occurred on day 2 while the NaCl-infused rats were still normotensive, these results clearly indicate that during ICV, infusion of hypertonic NaCl baroreflexes became inhibited even before hypertension developed.
Discussion
To determine whether salt-induced central neurogenic mechanisms would be easier to demonstrate when exposure to excess salt is limited to the brain, we used osmotic minipumps to chronically infuse hypertonic NaCl ICV in awake rats. Based on our previous finding that blood pressure became progressively elevated while responses to anterior hypothalamic stimulation were reduced (17) , it seemed logical to expect that baroreflex sensitivity would also be affected. In accord with that expectation, we found baroreflex sensitivity reduced in rats that had been chronically infused ICV with hypertonic NaCl. Upon intravenously infusing test drugs in anesthetized rats, reflex bradycardia elicited during pressor responses to phenylephrine was more prominent than the reflex tachycardia elicited during depressor responses to sodium nitroprusside (Fig. 2) . Nonetheless, changes in heart rate induced reflexly with either drug were consistently more pronounced in control than in NaCl-infused rats, and since corresponding regression coefficients also differed significantly (Table I) , then our results indeed suggest that reflex chronotropic responses had been attenuated. Subsequently, attenuation of phenylephrine-induced reflex bradycardia in awake rats during day 2 of chronic ICV infusion of NaCl was shown to occur (Table V) even before hypertension developed (Table IV) . Despite the unequivocal demonstration that chronic ICV infusion of hypertonic NaCl attenuated drug-induced chronotropic reflex responses, a similar conclusion cannot be reached regarding associated changes in renal nerve firing. Even though the reflex origin of both heart rate and renal nerve responses was verified by their abolition after sinoaortic denervation, inasmuch as renal nerve activity varied widely from rat to rat, SDs in both rat groups were quite large, and none of the differences in corresponding regression coefficients was significant (Tables I and II) . The absence of appreciable differences between control and NaCl-infused rats could mean that reflex changes in renal nerve firing, unlike reflex changes in heart rate, were unaffected by centrally-infused hypertonic NaCI. If so, then selective inhibition of one response without alteration of the other may reflect specificity in baroreflex regulation as has been shown by Ricksten and Thoren (27) in spontaneously hypertensive rats, and by Guo et al. (4) in renal hypertensive rabbits. Alternatively, since spike potentials could be recorded only from intact renal nerves (because the renal nerves were very small, they were left intact to keep recording electrodes 
Renal nerve firing (spikes/s)
Renal nerve firing (spikesis)
* Data are changes from base lines of: 128±5 mmHg for mean pressure, 177±7 ms for pulse interval, and 64±5 spikes/s for nerve firing in control rats; and of 133±5 mmHg, 172±3 ms, and 64±4 spikes/s, respectively, in NaCl-infused rats. awake rats we used bolus injections of phenylephrine (Table  V) solely to avoid unduly prolonged effects and minimize unnecessary manipulation.
What happened in the brain as hypertonic NaCI was slowly infused ICV for several days is conjectural. In rats, as in other animal species, CSF secreted at the choroid plexus circulates from the ventricles to the subarachnoid space, whence it is absorbed through the arachnoid villi. Rat CSF contains about 148 mEq/l of sodium (29), and is secreted at a rate of 2.2 Jig/min (30) . Since intravenously injected 24Na crosses the choroid plexus readily and diffuses rapidly from CSF into brain (31) , hypertonic NaCl probably behaves similarly during ICV infusion. After 11 d of infusing 0.8 M NaCl at a rate of 5.6 ,l/h, we found sodium concentrations unaffected in serum but appreciably elevated in CSF obtained from the cisterna magna (Table III) . Peripheral leakage of ICV-infused hypertonic NaCl is therefore unlikely because serum sodium concentration was unaltered. On the other hand, while CSF sodium was elevated to just slightly above the concentration considered normal for anesthetized rats (29), it may have sufficed to alter hypothalamic neuronal activity (i.e., iontophoretic application of sodium has recently been reported to increase firing of various hypothalamic neurons; [32] ) and this in turn could have attenuated baroreflex heart rate responses. Whether hypertonic NaCl was acting here as a chemical stimulus on osmotic or on sodium receptors (33) remains unresolved. Although a specific action on sodium receptors seems more likely because we found pressor responses to short-term ICV infusions of hypertonic NaCl accompanied by increased sympathetic nerve firing while other hypertonic solutions were ineffective (34), similar comparisons involving chronic infusions have yet to be made.
In trying to visualize where hypertonic NaCl was most likely to act relative to the infusion site, brain areas in the immediate vicinity of the third ventricle, referred to as the anteroventral third cerebral ventricle region (35), would rank among the prime suspects. Two separate neural pathways that could influence blood pressure regulation prominently have been identified with the anteroventral third cerebral ventricle region: one projects periventricularly through the anterior hypothalamus to the ventromedial hypothalamus, and the other courses through the medial forebrain bundle to converge with the first pathway in the ventromedial hypothalamus (36) . In addition to descending hypothalamic pathways (37), abundant neural projections ascend from the nucleus tractus solitarii (which contain the secondary neurons in the baroreceptor reflex arc [38] ) and buffer nerves to various hypothalamic areas including the anterior hypothalamus (39) . If the anterior hypothalamus truly represents the rostral part of the forebrain loop responsible for integrating baroreflex activity, attenuation could therefore result from selective inhibition by ICV-infused NaCl of anterior hypothalamic neurons that normally decrease sympathetic activity. In view of the complex integration of central facilitatory and inhibitory mechanisms for blood pres-sure regulation, other components of the reflex arc could also be involved. Another logical explanation is that hypothalamic signals for baroreflex inhibition, instead of being neural, might be humoral. However, humoral mediation by either angiotensin or vasopressin seems unlikely because acute ICV infusions of NaCl lower plasma renin concentration (40) , and although such infusions may increase vasopressin release (41) , vasopressin enhances rather than inhibits baroreflex gain (42) .
Baroreflex dysfunction usually occurs during both experimental and clinical hypertension, and previous evidence indicates that baroreceptor resetting occurs almost as soon as hypertension develops. Within 24 to 48 h after Krieger (43) made Wistar rats acutely hypertensive by aortic constriction, he found an upward displacement of pressure thresholds for aortic nerve firing, which signified that baroreceptor resetting already existed. On the other hand, baroreflex impairment does not always occur whenever rats become hypertensive. In two recent studies designed to assess interactions between baroreflexes and the posterior hypothalamus in spontaneously hypertensive rats, baroreceptor sensitivity was found diminished in one study (44) , but unaltered in the other (45) . Furthermore, despite the apparent similarity between our results and those obtained by Guo et al. (4) in renal hypertensive rabbits (i.e., selective impairment of baroreflex heart rate responses while sympathetic nerve responses were preserved), nerve activity was actually recorded from different sites since we used the renal nerves while they recorded from the lumbar sympathetic trunks. As they pointed out, what they observed cannot really be extrapolated to other sympathetic nerves since Thames and Gupta (46) have shown that in renal hypertensive rabbits, baroreflex regulation not only of heart rate but also of renal nerve activity was impaired even though attendant responses in aortic depressor nerve activity were preserved.
Perhaps more pertinent to alterations induced by salt loading are the studies of Gordon et al. (3) , which showed that in Dahl salt-sensitive rats baroreflexes became impaired even before hypertension developed, thereby suggesting that baroreflex dysfunction precedes and as such could contribute to, rather than result from, the subsequent development of saltinduced hypertension. A similar sequence could not be established in the anesthetized rats we initially studied because they were already hypertensive when baroreflex impairment was discovered. However, our later experiments, in which reflex bradycardia to phenylephrine was recorded on days 2 and 9 while ICV infusions were being given in awake rats (Table V) , clearly showed that reflex bradycardia was already inhibited even on day 2 when the NaCl-infused rats were still normotensive (Table IV) . Thus, our results may mean that even in rats without a genetic predisposition to develop hypertension, chronic ICV infusion of hypertonic NaCl can cause deficient baroreflex buffering that could eventually elevate blood pressure.
Though ICV infusions of hypertonic NaCl are never used clinically, CSF sodium levels occasionally become elevated in certain patients with essential hypertension classified as being "salt sensitive" (47) . The elevation in CSF sodium levels found in salt-sensitive hypertensives maintained on high salt intake correlates significantly with changes in mean pressure, urinary sodium excretion, and plasma renin (48). Because plasma norepinephrine levels during high salt intake remain unaltered in salt-sensitive hypertensive patients but are reduced in normal subjects and "non-salt-sensitive" hypertensive patients (49), abnormal relationships between salt intake and sympathetic activity have been suggested. Our findings indicate that when such abnormal relationships are induced experimentally by infusing hypertonic NaCl ICV into rats, anterior hypothalamic inhibition reduces baroreflex sensitivity, and the ensuing sympathetic hyperactivity results in hypertension.
